In order to develop a new male-sterile line of eggplant (Solanum melongena L.), the F 1 rootstock 'Assist' (Solanum aethiopicum Aculeatum L. Group × S. melongena 'DMP') was continuously backcrossed to S. melongena 'Uttara' using 'Uttara' as a recurrent pollen parent up to BC 4 generation. All examined F 1 'Assist' produced pollen grains while BC 1 plants segregated into male fertile and sterile plants. The male-sterile plant did not produce any pollen grains. BC 2 , BC 3 , and BC 4 progenies obtained from male fertile backcross progenies were segregated into male fertile and sterile plants and each segregation ratio fitted 3 : 1. BC 3 and BC 4 progenies obtained from male-sterile backcross progenies were fixed to male-sterility without segregation. Selfed progenies of the male fertile BC 2 progeny were segregated into male fertile and sterile plants and the segregation ratio fitted 15 : 1. Therefore, the pollen non-formation characteristic is assumed to be a form of cytoplasmic male-sterility (CMS), induced by incompatibility between the cytoplasm of S. aethiopicum Aculeatum Group and the nucleus of S. melongena. Further, these segregation results indicated that two independent dominant fertility restorer (Rf) genes control the fertility restoration of this CMS. High values of fruit set, number of seeds per fruit, and the seed germination rate found in BC 4 progenies indicate that the cytoplasm of S. aethiopicum Aculeatum Group has no notable negative effect on seed fertility of S. melongena. A new male-sterile line of eggplant could be developed by utilizing the cytoplasm of S. aethiopicum Aculeatum Group.
Introduction
Eggplant (Solanum melongena L.) is an economically important non-tuberous vegetable crop of the Solanaceae family. Exploitation of hybrid vigor has become a potential tool for the improvement in eggplant (Sambandam, 1962) . Hybrid seed production of eggplant mainly relies on laborious manual pollination and emasculation. Emasculation of the seed parent is time, labor, and cost intensive. Reliable male-sterile systems of eggplant could be a valuable tool for simplifying and reducing the time, labor, and cost for the production of F 1 hybrid seeds of eggplant.
Seedlessness is a desirable fruit trait in eggplant. Seedless fruits are generally of higher quality with sweeter taste than seeded fruit and are preferred by consumers (Dalal et al., 2006) . Seedlessness is also desirable for improving the quality of processed eggplants. Usually, the area around the seeds in processed eggplants is brown, which is an unfavorable quality for consumers (Donzella et al., 2000) . This browning can be avoided by using seedless fruits. For stable production of seedless eggplant fruits, there are two alternatives, i.e., treating flower buds with a synthetic phytohormone, and developing parthenocarpic eggplants. Regardless, it is imperative to use male-sterile eggplant lines for producing seedless fruits because self-fertilized seeds could be included if male fertile lines were used.
There have been various reports on male-sterile eggplant. Genic male-sterility derived from spontaneous mutation has been reported (Chauhan, 1984; Jasmin, 1954; Nuttall, 1963; Phatak and Jaworski, 1989; Phatak et al., 1991) . Cytoplasmic male-sterility derived from inter-specific crosses, in which wild Solanum species was used as the female parent followed by repeated backcrossing to the cultivated species to achieve cytoplasm substitution, have been reported (Fang et al., 1985; Isshiki and Kawajiri, 2002; Isshiki, 2008, 2009; Saito et al., 2009 term commercially viable hybrid breeding programs, the use of a limited number of male-sterility sources usually implies a potential risk as a result of the vulnerability of a narrow genetic basis. For example, intensive use of a single source of male-sterile cytoplasm in developing hybrid cultivars was found to be disastrous in the case of Texas cytoplasm in maize (Hooker, 1974) ; therefore, diverse sources of male-sterility are essential to widen this genetic base and to reduce the genetic vulnerability of cultivated eggplant.
The purpose of the present study is to develop a new cytoplasmic male-sterile line of eggplant by utilizing the cytoplasm of S. aethiopicum L. Aculeatum Group (= S. integrifolium auct. non Poir.). For this purpose, the cytoplasm substitution lines produced by the continuous backcross method were examined for fertility traits and organelle DNAs and evaluated for their availability as a male-sterile line for practical use.
Materials and Methods

Production of cytoplasmic substitution line
To develop a cytoplasmic substitution line of eggplant, an interspecific F 1 hybrid 'Assist' (S. aethiopicum Aculeatum Group × S. melongena 'DMP') was continuously backcrossed to S. melongena 'Uttara' using 'Uttara' as a recurrent pollen parent and four backcross generations, BC 1 , BC 2 , BC 3 , and BC 4 , were produced. In backcrossing, progenies were selected in the two directions of male fertile and sterile types, and both types of the backcross progenies at each generation were continuously backcrossed to 'Uttara', respectively, as shown in Figure 1 . Further, selfed progenies of the male fertile BC 2 progeny were also produced for genetic analysis of fertility restoration systems.
Pollen formation ability
To investigate pollen formation ability, anthers from freshly opened flowers were crushed in acetocarmine and examined for the presence of pollen. Anthers from 15 flowers were examined for each plant material. Plants which did not produce any pollen grains were defined as male sterile plants.
Observation of pollen sac morphology
Anthers from freshly opened flowers of male fertile and sterile BC 4 progenies and S. melongena 'Uttara' were collected and cut with a razor blade transversely. Cross sections of anthers were observed under a stereomicroscope to observe the morphology of the pollen sac.
Pollen fertility
Stainability of pollen with acetocarmine and the in vitro germination rate of pollen were investigated to assess the fertility of pollen in male fertile plants. Pollen grains were extracted by dissecting anthers from freshly opened flowers. Pollen stainability was determined by staining fresh pollen in a drop of acetocarmine solution. In vitro germination of pollen was investigated using a germination medium consisting of 1% agar, 5% sucrose, and 50 mg·L −1 boric acid. The germination rate was determined after incubation at 25°C for four hours. At least 500 pollen grains per flower in 5 flowers of each plant material were observed to assess pollen fertility.
Seed fertility
Seed fertility was evaluated from the fruit set, number of seeds per fruit, and seed germination rate. Four plants each of BC 3 and BC 4 generations and S. melongena 'Uttara' were examined for seed fertility. At least 10 flowers for each plant material were hand pollinated with 'Uttara' pollen. For seed germination, seeds were sown in soil in a glass house with controlled minimum and maximum temperatures of approximately 15°C and 30°C, respectively. The seed germination rate was recorded 30 days after sowing.
Cytoplasm identification
To identify the cytoplasm of backcross progenies, chloroplast DNA (cpDNA) and mitochondrial DNA Fig. 1 . Procedure for substituting the cytoplasm of S. aethiopicum Aculeatum Group for that of S. melongena 'Uttara' by continuous backcrossing.
Progenies were selected in the two directions of male fertile and sterile types during backcrossing.
(mtDNA) were analyzed in 8 plants of BC 4 progenies, S. aethiopicum Aculeatum Group and S. melongena 'Uttara'. Total DNA was isolated from fresh leaves using the CTAB method described by Murray and Thompson (1980) . Chloroplast DNA was analyzed by RFLP analysis of a PCR amplified region between rbcL and ORF106 following the method described by Isshiki et al. (1998) . The PCR product was digested with restriction enzyme Rsa I. Mitochondrial DNA was analyzed by RFLP analysis of a PCR amplified V7 region of mitochondrial small ribosomal subunit RNA gene following the method described by Khan and Isshiki (2008) . The PCR product was digested with ScrF I. The digested PCR products of cpDNA and mtDNA were electrophoresed on 1.5% agarose gel containing ethidium bromide and detected on a UV transilluminator.
Results
Pollen formation ability All the F 1 'Assist' produced pollen grains while BC 1 progenies were segregated into male fertile and sterile plants (Table 1) . Male-sterile plants did not produce any pollen grains. BC 2 , BC 3 , and BC 4 progenies obtained from male fertile backcross progenies were also segregated into both plants, respectively. The frequency of male fertile plants was found to be higher than that of male-sterile plants in BC 2 , BC 3 , and BC 4 . The chisquare test suggested that the segregation ratio in BC 2 , BC 3 , and BC 4 better fitted 3 : 1 than 1 : 1. On the other hand, BC 3 and BC 4 progenies obtained from male-sterile backcross progenies were fixed to male-sterility without segregation. Selfed progenies of the male fertile BC 2 progeny were segregated into male fertile and sterile plants. The chi-square test suggested that the segregation ratio in selfed progenies better fitted 15 : 1 than 3 : 1.
Observation of pollen sac morphology
Pollen sacs in the anthers of S. melongena 'Uttara' and male fertile plants had a normal structure, containing many pollen grains (Fig. 2) ; however, pollen sacs of male-sterile plants tended to be blackish with a deformed structure and did not contain any pollen grains.
Pollen fertility
Pollen stainability and pollen germination ability of the F 1 hybrid was very low (Fig. 3) . Pollen stainability and pollen germination ability of male fertile plants in all backcross progenies were higher than those of the F 1 hybrid; however, they were still lower than the parental species.
Seed fertility
Fruit set percentage in BC 3 progenies was about half of that in S. melongena 'Uttara', but was increased in BC 4 progenies compared to BC 3 progenies (Table 2) . Although the number of seeds per fruit varied in BC 3 progenies, a high number of seeds per fruit was observed from BC 4 progenies, irrespective of male-sterility. The seed germination rate was found to be high both in BC 3 and BC 4 progenies. 
Cytoplasm identification
Both male fertile and sterile BC 4 plants had restriction patterns identical to those of S. aethiopicum Aculeatum Group in the analyses of both cpDNA and mtDNA (Fig. 4) .
Discussion
To substitute the cytoplasm of S. aethiopicum Aculeatum Group for that of S. melongena 'Uttara', four backcross generations were successfully produced by continuous backcrossing in this study. In the analyses of both cpDNA and mtDNA, all BC 4 progenies examined had restriction patterns identical to those of the cytoplasm donor S. aethiopicum Aculeatum Group. These results provide clear evidence for the maternal inheritance of cpDNA and mtDNA in backcross progenies, confirming their successful cytoplasm substitution. Maternal inheritance of cpDNA and mtDNA recognized in the present study is in accordance with most plants where organelle inheritance is strictly maternal (Reboud and Zeyl, 1994) .
In the present study, pollen-non formation type malesterility was identified in backcross progenies. The subsequent backcross progenies obtained from malesterile plants were fixed to male-sterility; therefore, the pollen non-formation characteristic is proposed to be a form of cytoplasmic male sterility (CMS), induced by incompatibility between the cytoplasm of S. aethiopicum Aculeatum Group and the nucleus of S. melongena.
The each segregation ratio in BC 2 , BC 3 , and BC 4 obtained from male fertile backcross progenies fitted well to 3 : 1. The segregation ratio of selfed progenies of male fertile BC 2 fitted 15 : 1. These results indicate that two independent dominant fertility restorer (Rf) genes control the pollen formation of S. melongena with Table 2 . Fruit set, number of seeds per fruit, and seed germination in S. melongena 'Uttara', BC 3 , and BC 4 progenies. Fig. 3 . Pollen stainability and germination ability in the S. aethiopicum Aculeatum Group, S. melongena 'Uttara', F 1 hybrid, and male fertile backcross progenies. the cytoplasm of S. aethiopicum Aculeatum Group. It is suggested that plants with the Rf gene(s) at either or both loci can form pollen while plants without either did not form pollen (male-sterility). The genotype of the male fertile backcross progenies used for backcrossing in our study might be heterozygous for Rf genes at both of these loci. The presence of male-sterile plants in selfed progenies of BC 2 clearly indicates that gametes without Rf are functional and fertility restoration is sporophytic. Pollen fertility of the F 1 hybrid 'Assist' was quite lower than in the parental S. aethiopicum Aculeatum Group and S. melongena. Similar results have been obtained for F 1 hybrids between S. melongena and the related Solanum species (Nishio et al., 1984; Rajasekaran, 1970 Rajasekaran, , 1971 Rangasamy and Kadambavanasundaram, 1974) . Low pollen fertility in the present F 1 hybrid might be the result of cryptic structural differences in parental chromosomes as has been previously reported (Rajasekaran, 1970 (Rajasekaran, , 1971 . Pollen fertility of all male fertile backcross progenies was lower than parental species. The presumed genotypes of these backcross progenies were heterozygous for the Rf gene(s) at either or both loci, indicating that the heterozygous condition is not sufficient for complete restoration of pollen fertility.
High values of fruit set, number of seeds per fruit and the seed germination rate in BC 4 progenies indicate that the cytoplasm of S. aethiopicum Aculeatum Group has no notable negative effect on seed fertility of S. melongena. The normal seed fertility in male-sterile progenies indicates the availability of the present CMS line for practical hybrid seed production in eggplant.
Various reports have described CMS in eggplant. Pollen non-release type functional CMS lines with the cytoplasm of S. violaceum (Isshiki and Kawajiri, 2002) , S. virginianum (Khan and Isshiki, 2008) , and S. kurzii (Khan and Isshiki, 2009) , the petaloid and vestigial anther type CMS line with the cytoplasm of S. gilo (Fang et al., 1985) , and the pollen non-formation type CMS line with the cytoplasm of S. grandifolium (Saito et al., 2009) were reported. In the present study, the pollen non-formation type CMS line could be developed. Expression of male-sterility in the CMS line developed by Saito et al. (2009) is similar to the present study; however, a single Rf gene is assumed to control fertility restoration in their line. The difference in the number of Rf genes implies a difference between the mechanisms of these two CMS systems.
Some male sterility systems have been reported to be influenced by the environment and insects (McVetty, 1997) ; for example, in the functional male sterile eggplant UGA-1-MS, some anther dehiscence was observed from a few anthers of older flowers after the anthers were fed upon by insects, or under hot sunshine after heavy rain in the field (Phatak et al., 1991) . As the CMS line developed in the present study showed pollen non-formation type male-sterility, there is no risk of pollen release from anthers. Moreover, this male-sterility showed a stable expression in our personal observation for more than four months, confirming the stability of the present CMS line.
